Abstract: DNA double-stranded break (DSB) is one of the most catastrophic damages of genotoxic insult. Inappropriate repair of DNA DSBs results in the loss of genetic information, mutation, and the generation of harmful genomic rearrangements, which predisposes an organism to immunodeficiency, neurological damage, and cancer. The tumor repressor p53 plays a key role in DNA damage response, and has been found to be mutated in 50% of human cancer. p53, p63, and p73 are three members of the p53 gene family. Recent discoveries have shown that human p53 gene encodes at least 12 isoforms. Different p53 members and isoforms play various roles in orchestrating DNA damage response to maintain genomic integrity. This review briefly explores the functions of p53 and its isoforms in DNA DSB repair.
Introduction
Cells are under a wide range of DNA damage pressures from both endogenous and exogenous sources. More than 1×10 4 DNA lesions occur in any given cell each day. To minimize the effects of toxic insults on their DNA, cells have evolved different mechanisms for tolerating, reversing, and repairing genomic insults. The most deleterious lesion in DNA is the double-stranded break (DSB). DNA DSB can be generated in a variety of ways, such as replication, reactive oxygen species (ROS) produced during metabolic processes, normal programmed genomic rearrangements including V(D)J recombination and mitotic or meiotic recombination, ionizing radiation, and chemical drugs like camptothecin. The failure in repairing DNA DSBs can lead to loss of chromosomes.
Improper repair results in mutations and chromosome rearrangement (Dudáš and Chovanec, 2004) . To combat the threat of DNA DSBs, organisms have developed essentially three mechanisms for their repair, nonhomologous end-joining (NHEJ), homologous recombination (HR), and single-stranded annealing (SSA) (Hakem, 2008; Hiom, 2010) .
Following DSB formation, the broken ends regardless of the genetic sequence at the breaks are processed to yield appropriate substrates for direct ligation. This process is called NHEJ and is initiated by the binding of Ku70/80 with the broken ends (Hiom, 2010) . Then, the Ku70/80 recruits downstream factors including DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and Artemis. Finally the broken ends are ligated by the X-ray repair cross complementing 4 (XRCC4)-Ligase IV (LIG4) complex. NHEJ is the most straightforward way to repair a DSB and functions throughout the G1, S, and G2 phases of the cell cycle. However, if, as is often the case, nucleotides at the broken ends have been trimmed by nucleases or filled in by polymerases before the ligation, then small deletions and insertions are created. Therefore, NHEJ is considered to be error-prone. When cells progress through the S phase and into the G2 phase, a sister chromatid is produced by replication, one which provides a template for faithfully repairing the DNA DSBs by HR repair (Dudáš and Chovanec, 2004) . To initiate HR repair, doublestranded DNA (dsDNA) ends are exonucleolytically resected to form 3' single-stranded DNA (ssDNA) tails which are bound and stabilized by the single-stranded binding protein, replication protein A (RPA). With the help of RAD52 and BRCA2, RAD51 recombinase replaces RPA to assemble a nucleoprotein filament along the ssDNA tail. This filament initiates the search for homology in the sister chromatid and invades homologous intact sequences to form heteroduplex DNA. The missing sequence at the DSB site is restored by DNA synthesis. The two sister chromatids can exchange strands to form a Holliday junction. Finally, the Holliday junction is resolved and DNA is ligated. Thus, the genetic information lost at a break in one chromatid is accurately restored by HR repair. Unlike NHEJ, HR repair is error-free. In SSA repair, the DSB site consists of direct repeats (Dudáš and Chovanec, 2004) . The 3'-ssDNA tails are generated. The repeated sequences at 3'-ssDNA tails are aligned. Finally, the intervening sequences and protruding 3'-ends are removed by the endonuclease Ercc1-XPF. SSA repair does not require RAD51 but relies on RAD52, which facilitates pairing of the processed ssDNA tails before removal of the protruding 3'-ends.
The most important part of the DNA damage response is the activation of tumor repressor p53 (Levine and Oren, 2009) . In response to different types and levels of stresses, p53 can be differentially activated by change in its stabilities and modifications. This results in various cellular events such as cell cycle arrest, DNA-damage repair, apoptosis and/or senescence to ensure genome integrity (Dai and Gu, 2010) . Interestingly, p53 protein appears to promote only some DNA-damage repair pathways, such as base excision repair, mismatch repair, and nucleotide excision repair (Gatz and Wiesmuller, 2006; Helton and Chen, 2007; Meek, 2009 ), but inhibits DNA DSB repair pathways, including the HR, NHEJ, and SSA pathways (Mekeel et al., 1997; Akyüz et al., 2002; Keimling and Wiesmuller, 2009 ). This phenomenon seems to be contradictory to its role as a "tumor repressor." A large number of p53 isoforms have been identified in recent years (Courtois et al., 2002; Bourdon et al., 2005; Chen et al., 2009 ). These p53 isoforms can either synergistically promote or antagonistically inhibit p53 functions, depending on the isoform structures and the target genes affected. This review will mainly focus on how p53 isoform Δ133p53 switches p53 signal from repressing to promoting DNA DSB repair.
p53 and its isoforms
The full-length p53 protein is a transcription factor and consists of a transactivation domain (TAD), a proline-rich domain (PRD), a DNA-binding domain (DBD), a nuclear localization signal (NLS), an oligomerization domain (OD), and a C-terminal regulatory domain (CTD) (Okorokov and Orlova, 2009) , as shown in Fig. 1 . Under normal conditions, p53 protein remains at low levels. However, it can be activated by a wide variety of stress signals such as DNA damage, starvation, hypoxia, heat/cold shock, oncogene activation, developmental stress, etc. (Vogelstein et al., 2000; Levine et al., 2006) . In response to a stress signal, the activation of p53 can be achieved by a series of post-translational modifications that include phosphorylation, acetylation, methylation, sumoylation, neddylation, and non-proteolytic monoubiquitylation (Pietsch et al., 2008) . Activated p53 binds to p53 responsive elements (REs) in the promoter regions to induce or repress the expression of its target genes. Usually, the p53 REs are found within a few thousand base pairs from the transcriptional start site of its target genes. There are two types of p53 REs. The first is composed of two pairs (half-sites) of pentamers arranged head-to-head, 5'-RRRC(A/T)(A/T)GYYY-3' (R: purine; Y: pyrimidine), separated by 0-38 nucleotides in the promoters of activated downstream genes, and the second type contains two pairs of pentamers arranged end-to-head, 5'-RRRC(A/T)(N)RRRC(A/T)-3' or 5'-(A/T)GYYY (N)(A/T)GYYY-3', separated by 0-13 nucleotides in the promoters of repressed downstream genes (Hoh et al., 2002; Amson et al., 2011) . The biological roles of p53 downstream genes can be divided into three major groups: the negative regulators of p53 (mouse double minute protein 2 (MDM2), constitutive photomorphogenetic 1 (COP1), and p53-induced-RING-H2 (PIRH-2), etc.), the negative regulators of the cell cycle (p21, 14-3-3δ, and growth arrest and DNA damage 45 (GADD-45), etc.), and the apoptotic factors (BAX, p53-upregulated modulator of apoptosis (PUMA), NOXA, and DR, etc.). Activation of p53 leads to two cellular events, either cell cycle arrest to allow the repair of the damage or apoptosis in cells where the damage cannot be fixed. In addition to its transcription activity, p53 can also function in cytoplasm by directly interacting with anti-apoptotic proteins such as Bcl-2 and Bcl-XL in mitochondria, acting in a way similar to the so-called BH3 only protein (PUMA) (Chipuk et al., 2005; Moll et al., 2005) .
The MDM2 and the protein p14ARF are the main players of the p53 pathway (de Oca Luna et al., 1995; Langheinrich et al., 2002) . The MDM2 is an E3 ligase which ubiquitylates p53 and targets it for proteasomal degradation, whereas p14ARF inhibits MDM2 and raises p53 levels.
Human p53 gene has 11 exons and can create at least 12 different isoform proteins ( Fig. 1 ) using multiple promoters, alternative splicing, and the internal ribosome entry site (IRES) (Joruiz and Bourdon, 2016; Vieler and Sanyal, 2018) . The usage of the promoter (P1) leads to the production of p53 and Δ40p53 isoforms, whereas the internal promoter regulates the expression of Δ133p53 and Δ160p53 isoforms. The C-terminal isoforms β and γ can be produced by the alternative splicing of the intron 9 (Fig. 1a) .
p53β and p53γ
There are three C-terminal isoforms α, β, and γ. The α-isoform denotes full-length p53 of C-terminal and α is usually omitted. The β and γ isoforms lack the OD and CTD (Fig. 1b) . However, p53β can form a complex with full-length p53 and selectively enhance p53 transcriptional activity at the BAX promoter, but not at the p21 promoter, thus driving the cell fate preferentially to apoptosis in response to stress conditions (Bourdon et al., 2005) . In normal culture or physiological conditions, p53β can also coordinate with p53 to accelerate replicative cellular senescence through upregulating the expression of microRNA-34a (miR-34a) (Fujita et al., 2009; Mondal et al., 2013) . p53γ protein is unstable and localizes in either the nucleus of most cells or the cytoplasm of some cells. It has been observed that both β and γ isoforms were abnormally distributed in different cancer tissues (Anensen et al., 2006) .
Δ40p53
Δ40p53 isoforms (also named p47 or ΔNp53) can be produced from P1 or P1' promoters. The Δ40p53 protein is an N-terminal truncated protein with a partial deletion in the TAD due to alternative splicing of exon 2 and/or alternative initiation of translation at ATG-40 (Fig. 1b) . The deleted part of the TAD contains major activating phosphorylation sites and the MDM2-interacting motif. Because of the absence of MDM2-binding motif, Δ40p53 protein does not interact with MDM2 and therefore escapes the rapid degradation mechanism that regulates the full-length p53 level. Δ40p53 can regulate the function of p53 by oligomerizing with p53 in vivo (Courtois et al., 2002) . Unlike p53, as Δ40p53 has a truncated TAD, it is capable of inducing a different set of p53-responsive genes. It can induce many apoptosisassociated genes such as p53-induced protein with a death domain (PIDD), but repress cell cycle arrest genes such as p21 (Ohki et al., 2007) . In addition, Δ40p53 has a stronger tendency to form oligomers than p53 (Powell et al., 2008) , which results in dosage effects of Δ40p53 expression. Low levels of Δ40p53 can synergistically promote the transactivation activity of p53, whereas high levels of Δ40p53 induce a different set of genes (Powell et al., 2008) .
Δ133p53
The Δ133p53 is transcribed from intron 4 (Fig. 1a) and conserved in zebrafish, Drosophila, and the mouse (Bourdon et al., 2005; Chen et al., 2005) . This evolutionary conservation indicates the importance of the isoforms in the p53 signal pathway. The isoform Δ133p53 lacks 132 amino acids from the N-terminal of p53, which contains both the MDM2-interacting motif and the TAD and part of the DBD (Fig. 1b) . Therefore, Δ133p53 imposes a more drastic effect on the p53 signal pathway. In response to both developmental and DNA damage stresses, Δ133p53 is directly transactivated by full-length p53 (Chen et al., 2009; Marcel et al., 2010b; Aoubala et al., 2011) . In turn, Δ133p53 inhibits p53-dependent apoptosis and G1 arrest without inhibiting p53-dependent G2 arrest by differentially modulating the expression of p53 target genes. Δ133p53 can form a complex with p53 both in vitro and in vivo. The anti-apoptotic activity of zebrafish Δ113p53, a Δ133p53 orthologue, is dependent on interacting with p53 (Ou et al., 2014) . Basal Δ133p53 expression can inhibit p53-mediated replicative senescence in normal human fibroblasts, T-lymphocytes and astrocytes by repressing miR-34a expression (Fujita et al., 2009; Mondal et al., 2013) . Δ133p53 has been found to be overexpressed in some cancer cells. This promotes angiogenesis and tumor progression (Bernard et al., 2013) . Interestingly, under conditions of sub-toxic ROS stress, Δ133p53 does not antagonize the activity of full-length p53, but coordinates with p53 to promote cell survival by promoting antioxidant gene expression (Gong et al., 2016) . Δ133p53β can promote cancer stem cell potential by stimulating the expression of the key pluripotency factors SOX2, OCT3/4, and NANOG (Arsic et al., 2015) .
Δ160p53
Like Δ133p53, Δ160p53 isoform is also translated from Δ133p53 transcript through the alternative translation start codon at Met160 (Fig. 1b) (Marcel et al., 2010a) . Δ160p53 may have a function similar to mutant p53s due to the lack of a major part of the DNA-binding domain. It has been reported that cells carrying p53 mutations, such as R175H or R248Q that are frequently found in human cancers, overexpress Δ160p53 isoform (Candeias et al., 2016) . Downregulation of Δ160p53 impairs the "gain-of-function" cancer phenotypes induced by mutant p53, suggesting that the Δ160p53 isoform possesses pro-oncogenic potential.
p5family members
The p53 family has three members, p53, p63, and p73. All encode a number of isoforms and share a high level of protein sequence similarity, particularly in the DNA-binding domain. Thus, p63 and p73 can transcribe p53 target genes causing cell cycle arrest and apoptosis (Bourdon, 2007) . However, p53, p63, and p73 are not entirely functionally redundant, as they exhibit promoter selectivity and have a number of unique target genes. The distinct functions of three genes have been demonstrated by studies on knockout mice. p53 knockout mice are viable and develop normally, but grow a tumor at a later stage (Donehower et al., 1992) . p63 null mice die a few days after birth and display severe developmental defects, including failure to develop limbs, skin, and other epithelial tissues (Mills et al., 1999) . Knockout of p73 results in infertility, spontaneous and carcinogen-induced tumorigenesis, as well as hippocampal dysgenesis (Yang et al., 2000; Tomasini et al., 2008; Wilhelm et al., 2010) . These results suggest that p53 mainly functions in DNA damage response and p63 plays a key role in development, whereas p73 is involved in both processes of DNA damage response and development.
p53 in DNA DSB repair
An abundance of evidence has demonstrated that full-length p53 counteracts DNA DSB repair. Using three enhanced green fluorescent protein (EGFP)-based DNA DSB repair test systems, two studies showed that p53 plays a role in restraining three DNA DSB repair pathways including HR, NHEJ, and SSA (Akyüz et al., 2002; Keimling and Wiesmuller, 2009 ). More evidence revealed that p53 has direct regulatory activity in DNA DSB repair, as mutations in p53 that impair or even abolish its transcriptional activity and cell cycle regulatory capacity, and do not significantly affect its inhibition of HR (Willers et al., 2000; Boehden et al., 2003; Linke et al., 2003) . Protein association studies showed that p53 can form complexes with a number of HR components such as RAD51 (Buchhop et al., 1997; Linke et al., 2003) , RPA (Romanova et al., 2004) , RAD54 (Linke et al., 2003) , BRCA1 (Zhang et al., 1998) , BRCA2 (Marmorstein et al., 1998) , BLM (Wang et al., 2001) , and WRN (Blander et al., 1999) . The interaction between p53 and either RAD51 or RAD54 inhibits HR repair by interrupting RAD51 polymerization and RAD51-mediated strand exchange (Yoon et al., 2004) . p53 modulates the helicase activities of BLM and WRN to counteract Holliday junction unwinding. The interaction of p53 with RPA mediates suppression of HR repair. p53 can also regulate HR repair at the transcription level through repressing the expression of RAD51, RECQ4, and WRN (Arias-Lopez et al., 2006; Gatz and Wiesmuller, 2006) . p53 protein rapidly accumulates to a high level in response to DNA DSB stress at an early stage. However, activated p53 also activates the expression of MDM2, an E3 ligase that mediates the degradation of p53 in the later stage. Therefore, it is of great interest to understand the role of p53 signal pathway in response to DNA DSB stress in the later stage.
∆133p53 and p73 in DNA DSB repair
The restraining role of p53 in DNA DSB repair had remained elusive for many years until our recent discoveries demonstrated that Δ113p53/Δ133p53 functions to promote DNA DSB repair in 2015 and 2018 (Gong L et al., 2015; Gong HJ et al., 2018) . In 2005, Δ133p53 and its zebrafish orthologous Δ113p53 were first identified in two reports, one on analysis of 5'-rapid amplification of cDNA end (RACE) polymerase chain reaction (PCR) products of p53 transcripts in human normal tissues (Bourdon et al., 2005) and the other done by us on analysis of a zebrafish genetic mutant def hi429 (Chen et al., 2005) . Our following investigation discovered that Δ113p53 was strongly induced in response to DNA damage such as γ-irradiation and DNA damage drugs, camptothecin and roscovitine. More importantly, we found that Δ113p53 is a p53 target gene and functions to antagonize p53-mediated apoptosis (Chen et al., 2009) .
As Δ113p53 is a p53 target gene, we were wondering what functions of Δ113p53 are in other stress conditions. To our surprise, both human Δ133p53 and zebrafish Δ113p53 were strongly induced by γ-irradiation, but not by ultraviolet (UV) irradiation or heat shock treatment; in contrast, full-length p53 was activated by all three treatments (Gong et al., 2015) . Protein analysis from both human cells and zebrafish showed that full-length p53 protein accumulated to the highest level as early as 4 h post irradiation (hpi), whereas Δ113p53 protein peaked later, at 24 hpi upon γ-irradiation. The result suggested that Δ113p53/Δ133p53 may play a role in DNA DSB repair. Using three EGFP-repairing-aided visual-cumquantitative analysis reporter systems, we found that Δ113p53/Δ133p53 promoted all three DNA DSB repair pathways, including HR, NHEJ, and SSA, in a p53-independent manner. The positive role of Δ113p53/Δ133p53 on the DNA DSB repair was confirmed by analysis on DNA damage extents and repair foci of genomic DNA upon γ-irradiation. Interestingly, apoptotic activity was correlated positively with the level of p53 protein and negatively with the level of Δ113p53 protein, whereas the DNA damage repair corresponded to the level of Δ113p53 protein in γ-irradiated zebrafish embryos. Through deleting one of p53 REs in the P2 promoter, we generated a zebrafish Δ113p53 knockout mutant (Δ113p53
M/M
). The expression of Δ113p53 was completely blocked in the mutant, but the activation of full-length p53 was not affected. In normal conditions, the mutant did not show any effects. However, the Δ113p53 M/M mutant embryos were more sensitive to γ-irradiation due to accumulating higher level of DNA damage extents and apoptotic cells. The significance of Δ113p53 in DNA DSB repair was further evaluated by blocking apoptosis with the overexpression of bcl2L (anti-apoptotic protein) in the irradiated mutant embryos. Blocking apoptosis with bcl2L significantly increased embryo viabilities in both wild type (WT) and Δ113p53 M/M upon γ-irradiation, whereas the difference of viability between WT and Δ113p53 M/M embryos still remained. The data from human cells also showed that knockdown of Δ133p53 coupled with γ-irradiation increased DNA damage and resulted in cell growth arrest at the G2 phase that in turn enhanced cell senescence at the later stage. Therefore, we demonstrated that both functions of Δ113p53/Δ133p53 in antagonizing apoptosis and promoting DNA DSB repair are important for its pro-survival characters upon DNA damage stress (Gong et al., 2015) .
Unlike full-length p53, Δ113p53 does not form a complex with either Rad51 or Rpa. It promotes DNA DSB repair at the transcription level by enhancing the expression of the DNA DSB repair genes rad51, lig4, and rad52, which is independent of full-length p53. Using promoter function analysis, gel shift and chromatin immunoprecipitation (ChIP) assays, we showed that Δ113p53 bound to a novel type of p53 RE in the promoters of three repair genes. Taken together, Δ113p53/Δ133p53 promotes DNA DSB repair via upregulating the expression of DNA DSB repair genes (Gong et al., 2015) . This finding raised a question on how Δ133p53, lacking the TAD, induces the transcription of these repair genes in a p53-independent manner.
A previous ChIP-based analysis showed that p73 bound to the promoters of some DNA DSB repair genes, such as RAD51, MRE11, and BRCA2. However, the overexpression of p73 did not greatly increase the expression of these genes (Lin et al., 2009 ). These studies indicate that p73 plays a role in DNA DSB repair, which promotes us to investigate whether Δ133p53 coordinates with p73 to promote DNA DSB repair. As expected, we found that the expression of both p73 and Δ133p53 proteins increased to the highest level at 24 hpi and p73 formed a complex with Δ133p53, but not p53, after γ-irradiation (Gong et al., 2018) . Furthermore, through various methods, such as EGFP-repairing-aided visual-plus-quantitative analysis reporter systems, comet assays, and repair focal analyses, we demonstrated that Δ133p53 and p73 are interdependent in promoting all three DNA DSB repair pathways. ChIP assay showed that Δ133p53 promoted the binding of p73 to the promoters of the DNA DSB repair genes RAD51, RAD52, and LIG4. This was required for p73 to transcribe the expression of the repair genes. Thus, p73 and Δ133p53 work together to ensure genomic integrity upon DNA DSBs (Gong et al., 2018) .
In addition to the accumulation of p73 protein at 24 hpi, p73 also peaked as early as 4 hpi after γ-irradiation. Upon DNA damage, there are two mechanisms for p73 activation, one from protein phosphorylation by c-Ab1 tyrosine kinase (Gong et al., 1999) , and the other from upregulation of its messenger RNA (mRNA) expression by the transcription factor E2F1 (Irwin et al., 2000; Gonzalez et al., 2003) . Our quantitative reverse-transcription PCR (qRT-PCR) results showed that p73 mRNA was upregulated at 12 hpi, but not before 4 hpi. The knockdown of c-Abl kinase resulted in a decrease of p73 protein at 4 hpi, but not at 24 hpi. More interestingly, when p73 was depleted upon γ-irradiation, apoptotic activity decreased only in the early stage (before 6 hpi), but not in the later stage (24 hpi), whereas DNA DSB accumulation was increased at 2 and 5 dpi (Gong et al., 2018) . These data illustrate that the first p73 protein peak results from protein stabilization with the aim of promoting apoptosis, whereas the second p73 protein peak is translated from increased mRNA to promote DNA damage repair. The finding suggests that both p73 functions in promoting apoptosis and DNA DSB repair are important for its tumor repressing role, which may explain the spontaneous and carcinogeninduced tumorigenesis observed in p73 knockout mice.
A number of reports showed that the expression of Δ133p53 was elevated in different cancer tissues such as breast cancer, renal cell carcinoma, ovarian cancer, intrahepatic cholangiocarcinoma, colon cancer, and lung carcinoma (Bourdon et al., 2005; Fujita et al., 2009; Moore et al., 2010; Nutthasirikul et al., 2013; Kim and An, 2016; Fragou et al., 2017) . This indicated that the upregulated Δ133p53 might be correlated with tumorigenesis because of its antiapoptotic function or its role in promoting angiogenesis. There are a large number of somatic mutations in the promoter region of Δ133p53 in the COSMIC (Catalogue of Somatic Mutations in Cancer) cancer database. One of these mutated residues locates in exon 4. Interestingly, the mutations in this residue do not change the codon of full-length p53 protein. However, we found that the mutations attenuated the activation of Δ133p53 in response to the DNA damage (Gong et al., 2018) . Therefore, the loss of Δ133p53 function might be also associated with tumorigenesis because of its role in DNA damage repair.
Model of p53 signal in DNA DSB repair
In summary, we propose a model to illustrate how the p53 signal protects genomic integrity upon ionizing irradiation (Fig. 2) . At the early stage after irradiation, in cells with severe DNA damage, fulllength p53 and p73 proteins are quickly stabilized to a high level, which inhibits DNA DSB repair and induces the expression of apoptotic genes, in turn to guide cells to undergo apoptosis. However, in cells with less and fixable DNA damage, p53 protein is activated at a relatively low level to transcribe its target genes such as MDM2, p21, and Δ133p53, etc., while p73 mRNA is also transcribed by E2F1. The expression of MDM2 targets p53 protein for degradation, but not Δ133p53, due to Δ133p53 without MDM2-interacting motif. The cell cycle is arrested by the expression of negative regulators such as p21. Therefore, in the later stage, both p73 and Δ133p53 proteins can accumulate to higher levels, while p53 protein decreases to the basal level. The expression of Δ113p53 not only protects cells from death by its anti-apoptotic function, but also coordinates with p73 to transcribe repair genes to promote DNA DSB repair. Finally, genomic integrity is restored in survival cells.
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